In this commentary, I advocate for more detailed incorporation of arbuscular mycorrhizal (AM) fungi in Earth system models, to improve our projections of global climate change.
Introduction
In the recent 2015 United Nations Climate Conference in Paris, thousands of policy makers, economists, and scientists met to negotiate global plans for mitigating and adapting to future climate change. These plans rely upon predictions of future climate provided by the International Panel on Climate Change (IPCC 2014) . The predictions are developed from Earth system models. Earth system models are large-scale, integrated models that project greenhouse gas concentrations in the atmosphere. They are based on physical and biological processes that govern global carbon (C) cycling (IPCC 2014) . The more accurate the model predictions are, the better-informed the climate action plans will be.
Unavoidably, Earth system models are simplified representations of complex phenomena. Accordingly, their projections have varying degrees of uncertainty, depending on how well the models portray critical processes ). Historically, belowground processes have been challenging to incorporate in large scale models (Todd-Brown et al. 2012) . As a result, there is room for improvement in the representation of soil C dynamics in Earth system models (Tian et al. 2015) . For example, Earth system models predict 0 to 39% of the current spatial variability in global soil C stocks, depending on the model (Todd-Brown et al. 2013) . In turn, their predictions of global soil C stocks under future climate conditions vary widely, from a loss of 72 Pg C to a gain of 253 Pg C (Todd-Brown et al. 2014 ). This level of uncertainty is a concern because soil stores more C globally than the atmosphere and terrestrial vegetation combined (Batjes 1996; Tarnocai et al. 2009) . A proportionately small decrease in soil C stocks can lead to significant increases in atmospheric CO 2 concentrations, which can feed back on future climate (Schimel et al. 1995) . To better predict and offset future climate change, we need to improve the accuracy with which large-scale models simulate belowground dynamics.
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Recently, attention has turned to improving the representation of microbial ecology in Earth system models, as well as the ecosystem-scale models that inform them (e.g., McGuire and Treseder 2010; Reid 2011; Todd-Brown et al. 2012; Treseder et al. 2012; Trivedi et al. 2013; Wang et al. 2013; Xu et al. 2014) . Microbes control the production or consumption of numerous greenhouse gases, including CO 2 (Conrad 1996) , which is important to consider when predicting future climates. Nevertheless, traditional models do not contain a great deal of microbial detail.
For example, ecosystem-scale models often represent microbes as a single, uniform pool (Manzoni and Porporato 2009) . Furthermore, many Earth system models do not explicitly represent microbes, although their activity is implied in the conversion of soil C to CO 2 (ToddBrown et al. 2012) . Recent large-scale models that include more microbial detail can predict soil C dynamics better (Lawrence et al. 2009; Allison et al. 2010; Allison 2012; Wieder et al. 2013; Fujita et al. 2014; Wieder et al. 2014; Powell et al. 2015; Wieder et al. 2015) . Thus, microbes seem to be a promising avenue for model improvement.
However, microbes are highly diverse, both functionally and taxonomically. Recent microbially-detailed models have primarily focused on saprotrophic microbes (e.g., Allison 2012; Fujita et al. 2014; Wieder et al. 2015) , with good reason. This functional group controls much of the mineralization of organic C and nutrients, which are critical steps in biogeochemical cycling (Chapin et al. 2011) . Nevertheless, AM fungi are also worth including, owing to their abundance, roles in C cycling, relatively low taxonomic diversity, and availability of data for model development. I will address each of these points, and then describe approaches for modeling AM fungi.
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The case for arbuscular mycorrhizal fungi
AM fungi are globally relevant
Incorporating AM dynamics into large-scale models may improve projections of soil C storage. One reason is that they are globally abundant. Arbuscular mycorrhizal fungi form relationships with about 75% of plant species (Newman and Reddell 1987) and are present in most terrestrial ecosystems (Allen et al. 1995; Treseder and Cross 2006; Davison et al. 2015; Soudzilovskaia et al. 2015a ). In fact, globally, about 45% of root length in upper soil layers is occupied by AM structures such as arbuscules, vesicles, and intraradical hyphae (Soudzilovskaia et al. 2015a ). Treseder and Cross (2006) estimated that globally, about 0.5 Pg C is contained within live AM tissues inside roots in the upper 10 cm of soil. This amount does not include extraradical hyphae of AM fungi, or AM fungi in deeper soils, so this estimate is conservative.
AM fungi influence carbon cycling
Moreover, AM fungi control critical processes within the C cycle, and can mediate soil C storage (Rillig 2004a, b; Verbruggen et al. 2013; Mohan et al. 2014; Soudzilovskaia et al. 2015b; Verbruggen et al. 2016) . For instance, they improve net primary productivity (NPP) by substantially facilitating plant uptake of N and P (Mosse 1973; Hoeksema et al. 2010) . In return, they receive C from the host plant (Smith and Read 2008) . Thus, a portion of the additional NPP is allocated belowground to AM fungi. In fact, AM fungi may receive about 37-47% of belowground NPP in ecosystems dominated by AM host plants (Harris et al. 1985; Harris and Paul 1987; Jakobsen and Rosendahl 1990; Johnson et al. 2002; Treseder and Cross 2006) . Accordingly, the global annual flux of C into AM fungi may be substantial. As AM fungi senesce, a portion of the C in their biomass may remain in the soil and ultimately form soil For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record. 6 organic matter (Steinberg and Rillig 2003; Rillig 2004a; Wilson et al. 2009 ). Altogether, AM fungi can enhance the removal of CO 2 from the atmosphere by plants, and then deposit a portion of that additional C in the soil.
Simulations of AM diversity are feasible
In addition, AM fungi are not as phylogenetically diverse as other functional groups such as ectomycorrhizal fungi (Allen et al. 1995) . In fact, AM fungi are represented by a single phylum-the Glomeromycota (Schüßler et al. 2001; Schüßler and Walker 2010) . The taxonomy of AM fungi is an active area of research (Redecker et al. 2013) . Currently, ~260 species are described within ~25 genera, 11 families, and four orders (Redecker et al. 2013 (Redecker et al. , index.fungorum.org, accessed 11/2015 . Undoubtedly, more species remain undescribed.
"Virtual" AM can be phylogenetically defined from DNA sequences taken from environmental samples (Öpik et al. 2010) . About 360 of these virtual AM taxa have been classified from global surveys (Öpik et al. 2010; Öpik et al. 2013; Davison et al. 2015) . For comparison, ~5000-6000 ectomycorrhizal species occupy about 250 genera across three phyla (Tedersoo and Smith 2013) .
Overall, AM species diversity is relatively tractable-each taxon could be individually simulated in an ecosystem model, as I will describe below.
Global datasets of AM fungi are available
Although there is much yet to learn about AM fungi, we nonetheless have a well-established foundation of knowledge about their role as plant mutualists and their responses to environmental conditions (Smith and Read 2008) . Asai (1943) was the first to describe the nowclassic "big plant, little plant" experiment, in which host plants are grown with and without AM inocula to quantify AM effects on plant growth and nutrition. It has now been repeated over a 7 thousand times, under numerous environmental conditions, and with a diverse array of AM and host plant species (reviewed in Koide and Mosse 2004; Hoeksema et al. 2010) . A number of these experiments report that AM taxa vary in the degree to which they confer plant benefits (e.g., van der Heijden et al. 1998; Maherali and Klironomos 2007; Powell et al. 2009; Treseder 2013 ). Moreover, many field studies have recorded changes in AM abundance and community composition in response to elements of global change, such as elevated CO 2 , N enrichment, warming, and drought (reviewed in Rillig et al. 2002; Treseder 2004; Johnson et al. 2013; Mohan et al. 2014 ). In addition, global distributions of AM abundance (as percent root length colonized) and AM community composition have been characterized (Tedersoo et al. 2014; Davison et al. 2015; Soudzilovskaia et al. 2015a) . All this information is essential for parameterizing, validating, or benchmarking large-scale models, and much of it is compiled and publicly available (Table 1) . Few microbial groups are better-characterized in this respect.
Modeling arbuscular mycorrhizal fungi
Since the C processes that AM fungi mediate-NPP and soil C storage-operate at the ecosystem scale, AM fungi are more readily compatible with ecosystem-scale models than with Earth system models (Talbot and Treseder 2011 ). This does not preclude inclusion of AM fungi in Earth system models, though. Earth system models are constructed of many submodels, including those that model processes at the land surface. State-of-the-art land surface models can represent NPP, decomposition, and other aspects of C and nitrogen dynamics at the ecosystem scale (e.g., Thornton et al. 2009; Gerber et al. 2010; Clark et al. 2011; Lawrence et al. 2011; Brzostek et al. 2014) . These dynamics are then scaled-up to the globe within the framework of the Earth system model. Thus, AM fungi can be represented in Earth system models if they are included in these land surface submodels. For example, the Fixation and Uptake of Nitrogen (FUN) model is a recently-developed plant N model that directs plant C to AM or ectomycorrhizal fungi as a function of N limitation (Brzostek et al. 2014 ). The FUN model is already coupled to at least two land surface models: the Community Land Model (CLM, Lawrence et al. 2011 ) and the Joint UK Environmental Land Simulator (JULES, Clark et al. 2011 ). The FUN model demonstrates that it is currently feasible to include AM fungi in ecosystem models that can be scaled up to the globe.
Mycorrhizal fungi have been included in other ecosystem models such as the MYCOFON model (Meyer et al. 2010 ) and the Mycorrhizal Status, Carbon and Nutrient cycling model (MySCaN, Orwin et al. 2011 ). The MYCOFON model simulates C and N exchange between ectomycorrhizal fungi and their host plants as temperature and C and N availability varies (Meyer et al. 2010 ). The MySCaN model quantifies ericoid and ectomycorrhizal contributions to soil C sequestration with and without mycorrhizal uptake of organic nitrogen. These models could be applied to AM fungi as well, potentially by re-parameterizing traits like C demand and N uptake by the fungi.
We can be even more detailed in representing AM dynamics in ecosystem models, by predicting activities of specific AM taxa. This effort could increase accuracy of model predictions, because AM taxa differ in their effects on NPP and soil C dynamics as well as their responses to environmental conditions (e.g., van der Heijden et al. 1998; Maherali and Klironomos 2007; Powell et al. 2009; Chagnon et al. 2013; Johnson et al. 2013; Treseder 2013; Rillig et al. 2015) . Indeed, there has been much recent interest in incorporating microbial community composition in ecosystem models, in order to improve model performance (Schimel et al. 2004; Moorhead and Sinsabaugh 2006; McGuire and Treseder 2010; Wallenstein and Hall 9 2011; Crowther et al. 2014; Graham et al. 2014; Treseder and Lennon 2015) . Newly-developed trait-based ecosystem models possess this capacity (Follows et al. 2007; Allison 2012; Bouskill et al. 2012; Allison 2014; Wieder et al. 2014; Wieder et al. 2015) . They simulate diverse microbial communities by assigning ecological or physiological traits to individual taxa. Taxa independently respond to environmental conditions, perform ecosystem-relevant processes, and interact with each other, all based on their traits. Ecosystem functions such as soil C storage are then projected as the integration of the activities of individual taxa. Trait-based ecosystem models can outperform traditional ecosystem models when predicting C dynamics Wieder et al. 2015) .
Trait-based ecosystem models could readily be developed for AM fungi. In fact, DEMENT, a trait-based soil C model, has already been used to simulate 200 microbial taxa simultaneously (Allison 2012) . For comparison, in a recent global survey, the richness of virtual AM taxa within ecosystems ranged from 22 in a subtropical forest to 102 in a temperate grassland (Davison et al. 2015) . This level of diversity is well within DEMENT's current modeling capacity.
For an AM trait-based model, AM species might be assigned traits such as N uptake capacity, C use efficiency, growth rate, biomass C (estimated from root colonization and hyphal length), nutrient transfer to host plants, improvements in plant growth, and environmental responses. The specific traits used would depend on the objectives and structure of the model. Suites of traits can be assigned based on trade-offs between traits (e.g., Allison 2012; Wieder et al. 2015) . Few studies have explicitly examined functional trade-offs between AM traits (but see Hart and Reader 2002; Maherali and Klironomos 2007) . Nevertheless, taxon-specific data on growth rate, root colonization, hyphal length, and host plant benefits are available in the literature and public datasets (Table 1) . It would be valuable to synthesize these data, especially to examine relationships between "response" traits, which potentially influence responses of taxa to environmental conditions, and "effect" traits, which can determine effects on C cycling (sensu Lavorel and Garnier 2002) . Empirically-derived relationships among these response and effect traits could be used to parameterize an AM trait-based model (sensu Allison 2012) .
As with conventional ecosystem models, trait-based ecosystem models can be linked to land process models to predict soil C dynamics at the global scale (sensu Wieder et al. 2015) .
Likewise, an AM-focused trait model could be developed that incorporates our substantial empirical assessments of AM traits, and this model could be coupled with land surface models such as CLM. We could then generate global predictions of AM functions and community composition that can be validated against existing global AM datasets (Table 1) . Moreover, we could benchmark predictions of soil C storage in comparison to conventional Earth system models (sensu Todd-Brown et al. 2013 ) to determine whether inclusion of AM traits increases the accuracy of the model. In the event that traits do not improve model performance, we can reassess the approach.
In conclusion, the integration of AM fungi into Earth system models via linkages with ecosystem models may improve our predictions of future climate change. Trait-based ecosystem models are an exciting new way to incorporate microbial community composition in predictions of C cycling, and AM fungi are a promising group to include in these early efforts, for several reasons. First, AM fungi influence global C cycling. Second, AM diversity is constrained enough to be represented in current versions of trait-based models. Third, many aspects of AM ecology are relatively well-characterized, and are available in public datasets. Ecosystem models that include AM fungi have recently been developed, and the incorporation of AM community composition in a trait-based framework is a feasible next step. If this approach indeed improves For personal use only. This Just-IN manuscript is the accepted manuscript prior to copy editing and page composition. It may differ from the final official version of record.
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our predictions of atmospheric CO 2 concentrations, policy makers could develop better-informed strategies for mitigating and adapting to climate change. Given the potential social, economic, and biological costs of climate change (IPCC 2014) , this is a worthwhile endeavor. 
